When designing the underground logistics system, it is necessary to consider the uncertainty of logistics nodes, high cost, and high risk. is paper employed the theories of uncertain graph and dynamic programming to solve the network planning problem of underground logistics system. Firstly, we proposed the concepts of uncertainty measure matrix and vertices structure uncertainty graph by using uncertainty measure and uncertainty graph. Secondly, vertices structure uncertainty graph of the underground logistics system was constructed based on our proposed vertices structure uncertainty graph and the uncertainty of logistics nodes.
Introduction
Problems in transportation and logistics had been tackled well since computers and operational research (OR) became available [1] . However, a new challenge to transportation and logistics is the huge pollution and economic impact of transportation on the environment and logistic costs of companies. e underground logistics system (ULS) is the system of underground freight transportation and supply in inner city and among cities. It can reduce urban pollution by using electric energy to achieve transportation of low-carbon environmental protection. Moreover, it can also effectively reduce the cost and traffic pressure on the ground road to alleviate urban traffic congestion. At present, many countries in the world considered developing urban underground logistics system as a new way of alleviating traffic dilemma. Modern underground logistics system has been studied for nearly 30 years. e United States, Britain, Holland, and Japan just only carried out some of the engineering practices for the underground logistics system [2, 3] , but there is still not any successful case as an example of studying [4] . erefore, the international research for ULS is a relatively new expanding field. e applications of the early ULS are various. American scholars proposed the freight transports by using underground pipeline or tube transport, which were driven by electricity to transport municipal refuse and coal. e Japanese scholars set up an underground mail system between the Tokyo station and the central post office. Holland scholars used the ULS to connect the Aalsmeer flower market, the Schiphol airport, and the Hoofddorp railway transfer station. By using the ULS, timeliness goods such as flowers may be transported in time [5] . But, nowadays the ULS is obviously different from the early transportation system in influence factors of their construction: the city scale and traffic network congestion [6] . e current studies on the ULS mainly focus on three aspects: feasibility analysis, risk assessment, and network planning of logistics system.
Based on the OLS-ASH project (which is used to illustrate the designing of such a highly automated freight transportation system), Pielage proposed and analyzed the underground freight transport system and its feasibility as well as its specific design steps with the transportation system in Holland [3] . Hane et al. took Tokyo as an example to analyze the influence degree of the cost-benefit of constructing ULS on the original logistics system [7] . In 2004, Qian first presented a new ULS system and studied the traffic congestion of Beijing in China [8] . Chen et al. used macroenvironment to analyze the applicability of the ULS in China's traffic environment and determined the internal and external factors affecting the system. Moreover, the relevant recommendations about risk assessment of building ULS were proposed based on the situation analysis framework [9] . van der Heijden et al. simulated and analyzed the operating characteristics of the underground logistics network structure and the constructing cost and efficiency among different regions [10] . e researches on the node layout and network optimization of the ULS are the hottest research. Johan analyzed and compared the characteristics of different network structures of the ULS, such as punctiform network, linear network, and reticular network [11] . Based on a definite graph whose vertices and edges are predetermined, Zhu et al. established the node location model of 0-1 linear programming to find the best logistics node [12] . Considering the characteristics of urban environment and logistics nodes, Erkayman et al. proposed the fuzzy TOPSIS (technique for order preference by similarity to an ideal solution) method of planning the logistics center [13] . From the point of view of transportation, construction, economy, technology, and sustainable development, Turskis and Zavadskas presented the ARAS-F (fuzzy additive ratio assessment) method to select the logistics center [14] . According to the stage characteristics of integration process on logistics facilities in Beijing, Tianjin, and Hebei, Guo and Zhuang proposed the cloud model to evaluate complex systems [15] . Yan and Qin adopted the bilevel programming model to select the location of the underground logistics nodes, including the upper-level planning model from the perspective of decision-makers and the lower-level planning model from the perspective of customers [16] . Based on plant growth simulation algorithm, Li optimized the network route of ULS in large cities [17] . Binsbergen and Johan studied the optimization method of the route layout in urban underground logistics network [18] . By applying multimodule network analytic hierarchy process (AHP) based on point, linear, and surface, Mu set up a model of set covering to study and analyze the problem of road planning of the ULS [19] .
An important premise of the above studies on the ULS is that logistics nodes are predetermined. However, whether a logistics node of an ULS exists or not in real life depends on a number of factors such as total freight volume, transportation cost, traffic congestion index, construction cost, and traffic interruption. Because data and information of expert estimating and judging above those factors have not only fuzziness but also randomness or imprecision in studying the ULS, the above studies only solved the planning of the ULS with determinate logistics nodes. Obviously, it is not very appropriate to formulate the existence of logistics nodes and the edges connecting logistics nodes only by fuzzy theory or random theory. Uncertainty theory proposed in 2007 and refined in 2010 by Liu [20, 21] is a new tool to handle expert data with fuzziness or randomness or imprecision. In 2013, Gao and Gao first introduced uncertainty theory into graph models and proposed a concept of uncertain graph, in which the existence possibility (reliability) of each edge is described by uncertain measures [22] . It is well known that the ULS has the characteristic of high cost and high risk as well as difficulty improving. Moreover, the impact of logistics nodes on the whole system is different. From the view of ULS top-level design, the following problems should be focused: the time order and the evolution process about route construction of its optimal network. erefore, a technical process for dynamic network planning of the ULS with vertices structure uncertainty graph may be obtained by applying dynamic network programming [23, 24] and extending uncertainty graph proposed by Gao and Gao [22, 23, 25] .
In this paper, firstly, the uncertainty graph of logistics nodes will be constructed according to the definition of vertices structure uncertainty graph and the key degree of each logistics node proposed by us. Secondly, the time order of evolution process and dynamic programming model of ULS will be established based on the uncertainty graph of logistics nodes formulated by us. is uncertainty graph of logistics nodes includes the measure size of each logistics node, the measure size of each tunnel, and each network route. irdly, the simulated annealing algorithm will be designed to solve this dynamic network optimization model to obtain the evolution process of an ULS construction project. Finally, the optimal construction time order and dynamic evolution process of an ULS will be programmed with an ULS construction project in Xianlin district, Nanjing city, China, by using the method and algorithm proposed in the paper. e remainder of this paper is organized as follows: in Section 2, uncertainty measures and uncertainty graphs are introduced and formulated. It includes uncertainty measures and the relative definitions of vertices structure uncertainty graph. In Section 3 the vertices structure uncertainty graph based on an uncertainty of logistics nodes is constructed. Section 4 establishes a dynamic programming model of ULS network construction. In Section 5, an algorithm to solve dynamic programming of the ULS based on the simulated annealing algorithm is designed. In Section 6, a numerical case is studied to demonstrate the correctness of concepts and methods proposed in this paper. Section 7 concludes this paper with a brief summary. e set function M is called an uncertain measure if it satisfies the following three axioms [20, 21] . 
Uncertainty Measure and Uncertainty Graph
e triplet (Γ, L, M) is called an uncertainty space. Uncertainty measure is interpreted as the personal belief degree (not frequency) of an uncertain event that may happen.
us, uncertainty measure and belief degree are synonymous. Uncertainty measure depends on the personal knowledge concerning the event. It will change if the state of knowledge changes. In other words, it may be understood simply as a probability Pr in a random environment, or a credibility measure Cr in the fuzzy environment, or a trust value Tr in the rough environment.
Vertices Structure Uncertainty Graph.
e definition of an uncertain graph was first proposed by Gao and Gao [22] in 2013. But their definition assumed that the vertices in the graph are predetermined. erefore, their definition may be considered as only applying to a special uncertain graph whose edges are not predetermined and whose existence possibility (reliability) of each edge is described by uncertain measures. It is called as the edge structure uncertainty graph by us. By analogy of its definition and the idea of adjacent matrix representing graph, we present definitions of uncertainty measure matrix and vertices structure uncertainty graph as follows.
Definition 1.
e graph with uncertain vertices structure uniquely corresponds to an uncertainty measure matrix Φ � (ϕ ij ) n×n if and only if ϕ ij satisfies the following:
represents the uncertainty measure of the edge connecting vertex v i and vertex v j
where v i � 1 indicates that vertex i exists, v i � 0 indicates that vertex i does not exist, v i v j � 1 indicates that the edge connecting vertices i and j exists, and v i v j � 0 indicates that the edge connecting vertices i and j does not exist.
Based on the uncertainty measure matrix and the definition of the edge structure uncertainty graph, we propose a definition of the vertices structure uncertainty graph as follows.
Definition 2.
e graph with uncertain vertices structure is a three triple which can be denoted as N � (V, E, Φ). V is the vertex set, and E is the edge set. Φ is the uncertainty measure matrix corresponding to an uncertain graph. It is simply called as a vertices structure uncertainty graph, where V and E determine the structure of the uncertain graph, and the uncertainty measure matrix Φ shows measures of vertices existing and measures of edges existing to connect these uncertain vertices in the graph.
For more intuitively understanding the edge structure uncertainty graph and the vertices structure uncertainty graph, Figure 1 gives a simple uncertain graph for vertices A, B, and C and edges AB, AC, and BC.
In Figure 1 (a), if vertex O exists in an uncertainty measure M, then edges OA, OB, and OC must exist with uncertainty measures. Assuming that the edges OA, OB, and OC exist with the uncertainty measures M a , M b , and M c , respectively, and 0 ≤ M a , M b , M c , M ≤ 1, then the uncertainty measure matrix corresponding to this graph satisfies the following:
In Figure 1 
, but edges OA, OB, and OC exist with uncertainty measures M a , M b , and M c , respectively, then the uncertainty measure matrix corresponding to this graph satisfies the following:
If vertex O does not exist (that is, M � 0), then edges OA, OB, and OC must not exist, and then the uncertainty measure matrix corresponding to this graph satisfies the following:
Comparing the above three uncertainty measure matrices (2)-(4), we observe that matrices (3) and (4) are the special cases of matrix (2) . us, the concept of vertices structure uncertainty graph proposed by us extends the concepts of the existing graphs, which may depict the concepts such as graph, probability graph, fuzzy graph, and uncertain graph.
Vertices Structure Uncertainty Graph
Based on the Uncertainty of Logistics Nodes
Uncertainty Measure on the Existence of Logistics Nodes.
When designing an ULS, the construction of logistics nodes on an area usually adopts location planning to make a preliminary determination [11] [12] [13] [14] [15] [16] [17] [18] . e ULS has the characteristics of high cost and high risk as well as difficult improving. Especially, the impact of each logistics node on the whole logistics system is different. us, it is necessary to analyze and compute the key degree of each logistics node in the dynamic programming of an ULS network.
Let there be n alternative logistics nodes in an ULS. Based on the impact degree of no-constructing logistics node i on the whole logistics network, we present using the impact degree to depict the key degree of logistics node i. Let U 0 be the cost index of all logistics nodes operating normally (no interruption) and U i be the cost index of the ith logistics node interrupting. e cost here could be the total freight volume, transportation cost, traffic congestion index, or construction cost of the ULS network. us, the key degree M i of the ith logistics node may be computed by using the following formula:
where
means that the interruption of the ith logistics node has no effect on the whole network; that is, the ith logistics node is not important in the whole network. e bigger the M i is, the more critical the ith logistics node is.
From the point of view of graph theory, the key degree of each logistics node decides the possibility of the corresponding vertex (logistics node) existence in the ULS.
at is, the uncertainty measure of vertex existence is different. e bigger the key degree is, the bigger the possibility of the vertex existence is, and vice versa. By standardization key degree M i , the ith vertex uncertainty measure can be obtained according to the following formula:
Uncertainty Measure of the Edge Connecting Two Logistics
Nodes. In an ULS network, if a logistics node does not exist, then the edges connecting it must not exist. According to this phenomenon, the uncertainty of an edge (route) may be depicted by using the freight volume.
If h ij represents the freight volume of from logistics node i to logistics node j, then the uncertainty measure of the edge connecting vertices i and j may defined as follows:
3.3. Vertices Structure Uncertainty Graph. According to definition 2 and Sections 3.1 and 3.2, an ULS network may model as an uncertainty graph N � (V, E, Φ). In which, logistics node i is taken as vertex v i (i ∈ 1, 2, . . . , n { }) of the graph, where n is the total number of logistics nodes, and the vertex set is denoted as V � v 1 , v 2 , . . . , v n ; the transportation road (or tunnel) between vertex v i and vertex v j is taken as an edge e k (k ∈ 1, 2, . . . , m { }) of the graph, where m is the total number of edges of the graph, and the edge set of the graph is denoted as E � e 1 , e 2 , . . . , e m ; uncertainty measure matrix Φ � (ϕ ij ) n×n , when i � j, ϕ ii � ϕ i , and it may be computed by using formula (6) ; when i ≠ j, ϕ ij may be computed by using formula (7) . us, a schematic diagram on logistics nodes of vertices structure uncertainty graph is shown in Figure 2 .
In Figure 2 , numbers on vertices and edges represent uncertainty measures for logistics nodes and transportation roads (or tunnels) in the ULS, which can be calculated by using formulas (6) and (7), respectively. e number 1.0 at vertices B, E, and D means that the effects of logistics nodes B, E, and D on the cost index of ULS are the same. Moreover, their effects are the greatest among the effects of logistics nodes on the cost index of the ULS. erefore, logistics nodes B, E, and D must exist in the vertices structure uncertainty graph of the ULS. e numbers 0.5 and 0.7 at nodes A and C mean that they are less important than nodes B, E, and D, and the possibilities of their existing in the vertices structure uncertainty graph of ULS are 0.5 and 0.7, respectively. e numbers 0.7, 0.2, and 0.3 on edges BA, AC, and BC mean that the possibilities of building transport roads (or tunnels) BA, AC, and BC between nodes B, A, and C are 0.7, 0.2, and 0.3, respectively; the number 1.0 on edges BE and DB means that transport roads (or tunnels) BE and DB must be built between nodes B, D, and E, while the number 0.4 on edge DE means that the possibility of building transport road (or tunnel) DE between nodes D and E is only 0.4. 
Dynamic Programming Model of ULS Network Construction
In view of the above analysis in Section 3, we may establish a dynamic programming model of the ULS network construction to obtain its schedule and dynamic evolution process. Let an ULS have n logistics nodes and m tunnels. en, it may model as an uncertainty graph with n vertices and m edges based on the vertices structure uncertainty graph. During the process of construction, it usually needs to be completed in r years. If the total route length of the ULS is D total , then the tunnel (route) length to be built in every year is D wish � D total /r. erefore, construction process in a year may be analyzed as follows:
(1) Number the logistic nodes according to the decreasing order of their uncertainty measures ϕ i , i � 1, 2, . . . , n (2) Schedule the ULS network routes to be constructed in the order of 1, 2, . . . , m based on the vertices structure uncertainty graph; that is, the ULS network has m edges (3) Establish dynamic programming model 4.1. Set Variables. Let a route be built at each stage. en, we may set the following variables: k: stage variable k ∈ 1, 2, . . . , m { }. d k : the length of the kth route, as the distance of edge BC is 5 km in Figure 3 . c k : the value of the kth route connecting vertices v i and v j ; that is, the uncertain measure ϕ ij of edge e k existing, as an example c k � 0.3 means the uncertain measure of edge BC existing in Figure 3 . S k+1 : the total length of previous k routes (tunnels) allowed to be constructed in the ULS network at the beginning of the kth stage, where S 1 � 0. x k : whether the kth route is built or not, where x k � 0 means that it is not built and x k � 1 means that it is built.
State Transfer Functions.
Because the total length of previous k − 1 routes (tunnels) allowed to be constructed before the kth stage is S k , the length of the tunnel constructed in the kth stage is d k · x k , and the total length of previous k routes (tunnels) allowed to be constructed in the ULS network at the beginning of the kth stage S k+1 � S k + d k · x k . en, the state transfer equation of the total length of the tunnel allowed to be constructed is as follows:
A graphic description that graphically explains what different variables represent can be seen in Figure 3 . Figure 3 (a) shows that the total length of a tunnel allowed to be constructed before the beginning of stage 1 is S 1 � 0. e length of tunnel BD constructed in the first stage is 7, so the total length of previous 1 tunnel allowed to be constructed at the beginning of the first stage is Figure 3(b) shows that the length of a tunnel allowed to be constructed before the beginning of stage 2 is S 2 � 7. e length of tunnel BE constructed in the second stage is 6, so the total length of previous 2 tunnels allowed to be constructed at the beginning of the second stage is S 3 � S 2 + d 2 · x 2 � 7 + 6 × 1 � 13.
Fundamental Equation.
Assuming that f k (S k+1 ) represents the maximum value that the total length of being allowed construction routes is less than S k+1 , only previous k routes are built by optimal strategy. en, the sequential recursion relation is as follows:
For more easy calculation, equation (9) is transformed into the following recursion relation formula:
rough calculating by the recursion relation equation (10) in sequence, the optimal result of construction routes can be obtained. 
A Dynamic Programming Algorithm for ULS Construction Based on Simulated
Annealing Algorithm e idea of original simulated annealing (SA) algorithm comes from the physical annealing process [19, 26] . It is often used to solve the problem of combinatorial optimization. Obviously, the problem of ULS construction planning is a combinatorial optimization problem with uncertain measures based on Section 4. erefore, we present an improving SA to solve the problem of ULS construction project.
e Idea of Improving SA Algorithm.
e idea is first to compute the uncertainty measures on logistics nodes and transportation roads (tunnels) connecting logistics nodes to establish the network road of ULS with the vertices structure uncertainty graph and then to use solid annealing to simulate the combinatorial optimization problem [27, 28] , which is as follows.
Firstly, according to the cost index of each logistics node and the existing freight volume in logistics system, the uncertainty measures of logistics nodes and transportation roads (tunnels) between logistics nodes are computed. Based on these, the network road of the ULS with the vertices structure uncertainty graph is established. en, in order to get the transportation road (tunnel) construction process, priority should be given to the establishment of key logistics nodes and key tunnels associated with key logistics nodes on the basis of the different degrees of impact of each node on the whole logistics system and the different demands of freight volume on each transportation road (tunnel).
Secondly, when the critical degree of logistics nodes is the same, priority should be given to the construction of transportation roads (tunnels) with larger freight volume.
Comparing it with the original simulated annealing algorithm, the differences lie in the process of judging the generation and acceptance of new solutions. Firstly, the uncertainty measures of vertices and edges are calculated, and the edges associated with the vertices having larger uncertainty measures are selected as candidate sets. en, the uncertainty measures on the edges of candidate sets are judged. Secondly, in simulating internal energy E, the computation of E being taken as objective function value f, the value (freight volume) of the tunnels needs to be first calculated as the uncertain measures ϕ ij of the network roads of the ULS.
e
Steps of Improving SA Algorithm. On the basis of the above idea and the algorithm of original SA, the concrete steps of the improving SA algorithm are as follows:
Step 1: compute the uncertainty measures on logistics nodes and transportation roads (tunnels) connecting logistics nodes of the ULS with the vertices structure uncertainty graph.
Step 2: number the logistic nodes according to the decreasing order of their uncertainty measures ϕ i , i � 1, 2, . . . , n.
Step 3: schedule the ULS network routes to be constructed in the order of k � 1, 2, . . . , m based on the decreasing order of their uncertainty measures ϕ ij of the existing edge e k .
Step 4: determine the solution space S � x 1 , x 2 , . . . , x m | m k�1 d k x k < D wish , where each feasible solution is represented by using a binary string.
Step 5: determine the internal energy E. e internal energy E is depicted as the objective function value f-the value (freight volume) of the tunnels; i.e.,
Step 6: let the initial temperature t and initial solution x � x 0 .
Step 7: generate a new solution x t . A route edge (tunnel) x is first selected randomly. If it is not in the ULS that has been constructed, then it will allow to be constructed as a new solution x � x t . Otherwise, the next tunnel of x is chosen randomly as the edge x t ; that is, a new solution is generated by choosing x t in the neighborhood of x.
Step 8: internal circulation.
(1) Calculate objective function values E corresponding to x and x t . If the objective function value of x t is less than that of x, then stop and let x � x t . 
where ε ∈ (0, 1) is a random number, then stop and let x � x t .
(2) When the stop condition in (1) is not satisfied, then update t and repeat (1).
Step 9: external circulation.
(1) Cool down according to equations (11)-(13).
(2) If the stop condition of external circulation is not satisfied, then go to Step 5. Otherwise, stop the algorithm, where the value difference Δf and the length difference Δ d in the edge of planning to be built tunnel in the ULS are satisfied, respectively:
Let initial values of temperature and solution Is it less than 0? 
constructing the ith tunnel during the period, d i − d j , constructing the ith tunnel and not constructing the jth tunnel in the period, d j − d i , constructing the jth tunnel and not constructing the ith tunnel during the period,
Δ d is the mileage increment of the total length of constructing the tunnels in the current planning. When planning to construct the tunnels, it is not known whether the tunnel will be built or not. erefore, the extended metropolis criterion rule is used to compute p: where t k is the temperature control parameter. 6.1. Problem. e ULS dynamic network programming method proposed in this paper is used to plan the optimal schedule of network route construction in Xianlin district, Nanjing city, based on the underground logistics system (ULS) mentioned in question F of the 14th "Huawei cup" China Postgraduate Mathematic Contest in Modelling in 2017. e network construction project of underground logistics system requires constructing 45 logistics nodes (the numbers 1-13 are the 1st level nodes; the numbers 14-45 are the 2nd level nodes) and 81 tunnels (the total length is 290 km) during the 8th year. Figure 5 shows position distribution of logistics nodes at all levels; Table 1 gives the related data of the nodes and tunnels on the ULS.
e Flow

Case Study
e Uncertainty Graph on Logistics Nodes.
Using the method of formulating the vertices structure uncertainty graph based on the uncertainty of logistics nodes in Section 3, the network road of the ULS with the vertices structure uncertainty graph is as shown in Figure 6 .
e Construction Schedule and Dynamic Evolution Process of ULS Network
Route. Based on the methods in Sections 4 and 5, let parameters of the improving SA algorithm be as follows: cutoff temperature TF � 0.000001, annealing factor a � 0.9, initial temperature T � 100, and iterations res � 8100. By using the improving SA, we obtained the total number of tunnels to plan to be built and the corresponding serial numbers of tunnels, the actual total length network to plan to be completed, and the total freight volume in each year during 8 years, which can be seen in Table 2 . Table 2 shows that the total length to be established in every year is roughly the same. e tunnel with bigger uncertainty measure of logistics nodes existing is always constructed in priority.
at is, the relevant logistics nodes and tunnels with larger total freight volume are constructed in priority during the previous two years.
In addition, Figure 7 gives the evolution process of the whole underground logistics network construction in this district.
at is, it gives a schedule chart of tunnel construction that is actually built each year in 8 years.
It can be seen from Figure 7 that the network built in every year is a block except the first year. It is because that the freight volume of each logistics node is also relatively large around the logistics node with large freight volume. Although the construction network in the first year seems to be scattered, it was found that most of the tunnels built in the first year are connected with the key logistics nodes. Because the key degree (the freight volume) is relatively large at the key logistics nodes, the key nodes should be given priority in the top layer design.
Conclusion
For the ULS being a new type of efficient transportation system, the route construction planning of the ULS network is essentially a key step of constructing ULS. Because the dynamic network planning of the ULS is a complex problem, we used comprehensively the graph theory, optimization theory, uncertain programming, dynamic optimization model, and simulated annealing algorithm to study it. After the relevant information of ground freight traffic is available, firstly, the influence degree of a logistics node interruption on the whole logistics network is used to depict the key degree of the logistics node, and it formulates the uncertainty measure of the logistics node. For the bigger the freight volume is, the bigger the possibility of the edge existence is; thus, the freight volume is used to express the uncertainty measure of edge connecting two logistics nodes. Secondly, a vertices structure uncertainty graph is formulated. Finally, a dynamic programming model of the ULS network construction is made, and an improving simulated annealing algorithm is designed to solve dynamic network optimization and the schedule problem of the ULS construction. e optimal time process of the network route construction in Xianlin district, Nanjing, China, shows that the ideas and methods proposed in this paper are correct and feasible. e established programming model and the design algorithm are effective and reliable for solving the network optimization of the ULS. About the route construction planning of the ULS network, we only study its dynamic network programming of the ULS with uncertain logistics nodes. It has still many problems worth studying, such as uncertain programming model of its route based on expected-value model, chance-constrained programming, and dependent-chance programming; network layout based on linear graph, ring graph, and grid graph; and its programming problem of considering more comprehensive uncertainty factor.
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